ABSTRACT Field and laboratory investigations were undertaken to determine the level of expression of autogeny in the mosquito Ochlerotatus vigilax (Skuse) from southeast Queensland, Australia, and whether there was evidence of seasonal variation. At two Þeld sites in southeast Queensland, Wellington Point and Donnybrook, autogeny rates were determined on six occasions between January 2001 and January 2002. The autogeny rate varied between 71 and 100% at Wellington Point and between 63 and 100% at Donnybrook. Autogenous fecundity ranged from 17 to 63 eggs per female at Wellington Point and from 13 to 88 eggs per female at Donnybrook. Positive relationships were found between adult body size (indicated by wing length), autogeny rate, and fecundity. A laboratory study was conducted to investigate the inßuence of larval nutrition and adult diet (water versus sucrose) on the expression of autogeny. The autogeny rate at a low-diet treatment was between 73 and 90% when sucrose was withheld from females and 100% when sucrose was provided. All high-diet females were autogenous. Autogenous egg development required 80 Ϯ 6 h from emergence at 27ЊC. We conclude that autogeny rates are consistently high in Oc. vigilax from the southeast Queensland region.
THE COMMON SALTMARSH MOSQUITO, Ochlerotatus vigilax
, is one of the most abundant mosquitoes in coastal regions of northern Australia and is a highly efÞcient vector of Ross River (RR) and Barmah Forest (BF) viruses (Standfast and Steen 1970 , Kay 1982 , Boyd and Kay 2000 , Ryan et al. 2000 . The larval habitats of this species are estuarine pools remaining after tidal ßooding of saltmarshes. Sinclair (1976) Þrst described autogeny in Oc. vigilax, in that females were capable of developing the Þrst batch of eggs without a bloodmeal if sufÞcient nutrient reserves were present in the emerging adult.
Autogeny has an underlying genetic component. The mode of inheritance varies between species, from simple autosomal dominance in Aedes atropalpus (OÕMeara and Craig 1969) to involving multiple, semidominant alleles on at least two chromosome pairs in other species (Spielman 1971, Eberle and Reisen 1986) . In the latter form of autogeny, penetrance of the autogenous phenotype is inßuenced by environmental factors and has been shown to vary geographically (OÕMeara 1979, Sota and Mogi 1995) , seasonally (Spadoni et al. 1974) , by larval microhabitat conditions such as food availability (Kay et al. 1986) , and other factors (Spielman 1971) . Although populations of Oc. vigilax within southeast Queensland are panmictic (Chapman et al. 1999) , the autogeny rate at Kipparing, southeast Queensland, varied between 0 and 96% (Sinclair 1976) . We, therefore, would expect that variation in autogeny in this species is largely caused by microhabitat and season.
Autogeny can accelerate the rate of natural increase of mosquito populations Milby 1987, Tsuji et al. 1990 ). It has also been suggested that autogeny delays the initial contact with human hosts, thereby reducing the opportunity for arbovirus transmisson (Spadoni et al. 1974, Reisen and Milby 1987) . However, the net inßuence of autogeny on transmission dynamics is poorly understood.
Therefore, a series of Þeld investigations were undertaken to determine whether there was evidence of seasonal variation in autogeny within Oc. vigilax from two localities in southeast Queensland. Laboratory experiments were conducted to evaluate the potential effect of larval nutrition on the level of autogeny.
Materials and Methods
Collection of Field Material. The expression of autogeny in southeast Queensland Oc. vigilax was determined from collections made at two Þeld sites, Ϸ54 km apart, within the region: Wellington Point (27Њ00Ј S, 153Њ04Ј E) and Donnybrook (27Њ29Ј S, 153Њ13Ј E). These sites were selected because they included signiÞcant low lying areas regularly inundated by high tides that occur throughout the year, and there was no treatment of these habitats with larvicides (Caboolture Shire Council and Redland Shire Council, un-published data). The Wellington Point site was located within Redland Shire, Ϸ30 km southeast of Brisbane and consisted of a saltmarsh with dominant marine couch [Sporobolus virginicus (Kunth) Poaceae] and samphire [Sarcocornia quinqueflora (Bunge ex Ung. Stern) Chenopodiaceae] with isolated sedges. Numerous shallow depressions and disused drains were present. The Donnybrook site was situated in Caboolture Shire, located Ϸ60 km north of Brisbane. The site was comprised of a saltmarsh with a similar plant composition to the Wellington point site. In contrast to Wellington Point, however, the pools were located beside gray mangrove trees [Avicennia marina (Forsk.) Avicenniaceae] and were subject to varying degrees of shade cover from the foliage.
Pupae were collected from three to four pools within each site on six occasions between January 2001 and January 2002. Each sampling period coincided with tidal inundation of the saltmarsh habitats at the study sites. Each site was visited 1Ð3 d after the inundation event, and temperature-recording data loggers were placed in each of three to four pools. Sites were then revisited 8 Ð12 d later, and pupae were collected from each pool using a 1-mm mesh net. Temperature readings were summarized as the mean pool temperature (ЊC) over the 60 h before midday on the day of pupal collection. Pupae were transferred to habitat water in 4-liter plastic containers and transported to the Queensland Institute of Medical Research (QIMR) insectary (27ЊC temperature, 70% RH and 12:12 h light dark cycle with 1-h crepuscular periods). Pupae were allocated into groups of 50 in 500 ml of 50% seawater/50% distilled water in plastic containers (4.8 by 4 by 7 cm) to await emergence, and females were transferred, Ϸ30 each, to 1-liter plastic containers with gauze tops. Males were excluded to remove the variable of mating success from the study. A 13% sucrose solution was provided to the mosquitoes ad libitum on cotton pledgets. The mosquitoes were maintained for 5 d and then stored at Ϫ70ЊC before processing.
Larval Nutrition Experiment. To determine whether larval nutrition had a signiÞcant effect on the level of autogeny in Oc. vigilax, larvae were fed varying amounts of food, and the adults were examined for autogeny. Larvae were hatched from eggs obtained from a laboratory colony that was established in 2000 from Redland Shire. The colony was maintained under standard insectary conditions (described previously). Larvae were reared in 50% seawater in plastic trays (48 by 40 by 7 cm) and were fed ground Þsh food pellets (Wardley Pond TEN Pellets; Hartz Mountain, Secaucus, NJ) ad libitum. Pupae were transferred to water in a plastic container within a cage, and adults were provided with 13% sucrose solution and slices of apple. An anesthetized guinea pig was provided once a week as a blood source (QIMR Animal Ethics Protocol P361). A moistened towel was placed on top of the adult cage as an oviposition substrate.
Eggs were hatched, and groups of 50 Þrst instars were placed into plastic containers (4.8 by 4 by 7 cm) containing 500 ml of 50% seawater. Larvae were either fed according to a low-diet regimen (0.03 mg per larva at eclosion and on day 1, 0.06 mg on day 2, 0.31 mg on days 3 and 4, and 0.63 mg on days 5Ð7) or a high-diet regimen (0.08 mg per larva at eclosion and on day 1, 0.16 mg on day 2, 0.8 on day 3, 1.6 mg on days 4 and 5, and 0.8 mg on day 6).
Within 12 h of emergence, female mosquitoes were sorted into groups of 30, placed into 1-liter plastic containers with gauze tops, and allocated for either water or sucrose feeding using a cotton pledget soaked in distilled water or 13% sucrose solution, respectively. Water and sucrose were applied twice daily. Subsamples of mosquitoes (n ϭ 10 Ð15) from each treatment combination (low diet, water-fed; low diet, sucrose fed; high diet, water-fed; and high diet, sucrosefed) were harvested at 24-h intervals from 6 Ϯ 6 h after emergence. Mosquitoes were stored at Ϫ70ЊC before ovarian examination.
Examination of Mosquito Ovaries. Dissections were performed in a drop of phosphate-buffered saline on a glass microscope slide under a dissecting microscope at 40ϫ magniÞcation. Further observations of follicle structure were made under a compound microscope Þtted with Differential Interference Contrast (Nomarski) optics at 200ϫ magniÞcation (Olympus Optical, Tokyo, Japan). Ovary development was classiÞed according to Christophers (1911) stages, as modiÞed by Clements and Boocock (1984) . Females were classiÞed as autogenous if ovaries contained stage IVb or V follicles (Kay et al. 1986 ). Fecundity was measured by counting the total number of stage IVb or V follicles in both ovaries (Su and Mulla 1997, Armbruster and Hutchinson 2002) . As an indicator of body size, one wing from each mosquito was dissected, and the distance from the arculus to the wing tip, excluding the fringe scales, was measured using a graticule Þtted into an eyepiece.
Statistical Analysis. Mosquitoes were grouped according to pool, and pool speciÞc autogeny rates were determined (no. of autogenous females/total no. of females). To determine if Þeld site and season had a signiÞcant effect on the autogeny rate, analysis of variance (ANOVA) was performed with pool autogeny rate as the dependent variable and Þeld site and sampling occasion as factors. Pairwise comparisons (least signiÞ-cant difference [LSD] tests) were made of mean pool autogeny rates, adjusted for Þeld site, between sampling occasions. ANOVA was performed with pool autogeny rate as the dependent variable and mean wing length and mean pool temperature as covariates.
2 tests were used to test for differences in autogeny rate between sites for equivalently sized females, and t-tests were used to determine whether there were signiÞcant differences in mean wing length between Þeld sites and between lowand high-diet laboratory regimens. Least squares regression analysis was performed on wing length versus fecundity of mosquitoes reared from Þeld-collected and laboratory-reared material.
Results
The autogeny rate was generally high at both sites throughout the sampling period (Table 1) . At the Wellington Point site, the autogeny rate in mosquitoes from individual pools ranged from 71 to 100%. At the Donnybrook site, the autogeny rate varied between 63 and 100%, except for one pool with an autogeny rate of 7%. This represented a single pool out of 28 with an autogeny rate below 63% and was therefore treated as an extreme observation and omitted from further statistical comparisons.
Mean fecundity of female mosquitoes originating from pools located at the Wellington Point site varied between 16.9 and 63.3 eggs (Table 1) . At the Donnybrook site, the mean fecundity of females varied between 29.0 and 61.1 eggs per female, with the exception of the pool with 7% autogeny in which the mean fecundity was 13.0 eggs per female.
Analysis of the effects of Þeld site and sampling occasion on the pool autogeny rate indicated that the rate did not differ signiÞcantly between Þeld sites (F ϭ 0.632, df ϭ 1, 17, P ϭ 0.437); however, the effect of sampling date was signiÞcant (F ϭ 2.866, df ϭ 5, 17, P ϭ 0.047). Pairwise comparisons of autogeny rates between sampling occasions, adjusted for Þeld site, indicated that the rate in November was signiÞcantly lower than rates in March (LSD test, P ϭ 0.006), August (LSD test, P ϭ 0.007), and October (LSD test, P ϭ 0.009; Fig. 1 ). Autogeny rates did not differ signiÞcantly between other sampling occasions.
ANOVA of pool autogeny rate with mean wing length and pool temperature as covariates showed a highly signiÞcant effect of wing length on autogeny rate (F ϭ 18.063, df ϭ 1, 21, P Ͻ 0.001); however, there was no effect of water temperature (F ϭ 0.185, df ϭ 1, 21, P ϭ 0.185). A positive relationship between wing length and autogeny rate was observed at both sites (Fig. 2) . Some differences were observed in the autogeny rates of smaller females between Þeld sites. At the smallest wing length category (2.30 Ð2.39 mm), the autogeny rate at Wellington Point was 41% (n ϭ 12), which was signiÞcantly higher than the autogeny rate of 0% (n ϭ 9) for equivalently sized females at Donnybrook (Fisher exact test; P ϭ 0.045). The autogeny rate was also signiÞcantly higher at Wellington Point for the wing length categories of 2.40 Ð2.49 mm ( 2 ϭ 6.253, df ϭ 1, P ϭ 0.012) and 2.50 Ð2.59 mm ( 2 ϭ 29.153, df ϭ 1, P Ͻ 0.001). However, females with a wing length Ն2.6 mm comprised 80% of the population sampled at both sites. The autogeny rate for these females did not differ signiÞcantly between sites and varied between 76 and 100%. Over a 13-mo period, wing lengths of Þeld collected females ranged from 2.26 to 3.48 mm (Fig. 3A) . Wing length at Donnybrook averaged 2.81 Ϯ 0.25 mm (mean Ϯ SD), which was signiÞcantly larger than 2.72 Ϯ 0.17 mm at Wellington Point (t ϭ 5.86, df ϭ 770, P Ͻ 0.01). Wing lengths of low diet females ranged from 2.59 to 3.11 mm (Fig. 3B) , which was comparable with medium-sized Þeld-collected females. Wing lengths of high-diet females ranged from 3.00 to 3.41 mm (Fig. 3C) , which was comparable with large Þeld-collected females. Mean wing length of high-diet females was signiÞcantly larger than that of low-diet females (t ϭ Ϫ28.88, df ϭ 305, P Ͻ 0.01).
The majority of mosquitoes reared in the laboratory on either the low-or high-diet regimen developed eggs autogenously (Table 2) . At 6 Ϯ 6 h, 100% of low-diet females had ovaries at the germinal stage. For the low-diet, water-fed treatment, the greatest ad- vancement in ovarian development was between 6 and 30 h. By 80 h, there was a clear distinction between the majority of females (90%) that had developed eggs autogenously to maturity and a small percentage (10%) that had not developed eggs beyond stage IIb (anautogenous mosquitoes). Whether fed water or sucrose, 73.3Ð100% of females developed mature ova. For female mosquitoes reared on the high diet, ovarian development was similar to that for low-diet mosquitoes, except that 100% of both water-and sucrose-fed females developed eggs to maturity.
Positive linear relationships were found between wing length and fecundity for mosquitoes collected from the Þeld as pupae and for laboratory-reared adults. Wing length explained 55% of the variation in fecundity in Þeld-collected females (SE ϭ 13.4; Fig.  4A ) and 76% of the variation in laboratory-reared females (SE ϭ 14.9; Fig. 4B ). Differing slopes of the wing length versus fecundity relationships between laboratory-reared and Þeld-collected females suggested that there are other factors in addition to nutrition and wing size that inßuence the fecundity of autogenous mosquitoes.
Discussion
Pupae collected over a 13-mo period at Donnybrook and Wellington Point produced adults expressing a high rate of autogeny. The majority of mosquitoes were autogenous, with the pool autogeny rate varying between 71 and 100% at Wellington Point and 63 and 100% at Donnybrook. The lack of a signiÞcant inßuence of Þeld site on autogeny probably reßects the panmictic nature of Oc. vigilax in southeast Queensland. The effect of season was signiÞcant, with a trend of higher autogeny rates from March to October (autumn to mid-spring) and lowest rates in November (late spring). The signiÞcance of sampling occasion and the lack of a signiÞcant inßuence of water temperature suggests that a factor related to season, but other than temperature, was modulating the autogeny rate. In experiments on seasonal inßu-ences on autogeny in Culex tarsalis Coquillett from Canada, Brust (1991) demonstrated that autogeny was suppressed by reduced photoperiod; however, when maintaining a constant photoperiod, signiÞcant variation caused by temperature was evident. Seasonal trends in autogeny were observed in Cx. tarsalis from California, with rates increasing as summer progresses and then dropping with fall (Spadoni et al. 1974) .
The observations of increasing autogeny rate with increasing female body size at both sites demonstrate the well-known positive relationship between larval nutrition and autogeny. This study identiÞed differences in the autogeny rate of small females between the two Þeld sites. However, there was no difference in autogeny rates between sites for females larger than 2.6 mm, representing 80% of all Þeld-collected females. Autogeny rates for these females were Ͼ76%. The rates obtained in our study could be used to determine probabilities of past autogenous egg development in wild caught adults of various sizes.
The strong disposition of southeast Queensland Oc. vigilax toward autogeny was further demonstrated by the laboratory nutrition study. Of mosquitoes fed at the low-diet regimen, 73.3Ð90% of females developed eggs to maturity when sustained on water only as adults. Providing sucrose enabled otherwise anautogenous females to develop eggs to maturity. The autogeny rate for high diet females was 100% for both water-fed and sucrose-fed adults. For some high-diet females, ovary development had already advanced to stage IIIa at Ϸ6 h from emergence. This provides some evidence for precocious ovarian development (development of ovaries in the pupa beyond stage G) if larvae are provided with sufÞcient, high-quality food. a Sucrose-fed females were provided with sucrose from 6 Ϯ 6 h from emergence.
Fig. 4.
Relationship between wing length and autogenous fecundity for Oc. vigilax for females collected from the Þeld as pupae (a) and females reared from eggs in the laboratory (b).
Autogenous fecundity also increased with increasing body size of females, a relationship that is well documented in the Culicidae (Armbruster and Hutchinson 2002) . There has been recent interest in the performance of wing length as a predictor of fecundity. Armbruster and Hutchinson (2002) reported that wing length was equivalent to pupal weight as an accurate predictor of fecundity in Aedes albopictus (Skuse) and Aedes geniculatus (Oliver). A signiÞcant linear relationship between these two characteristics was demonstrated for laboratory-reared and Þeld-collected Oc. vigilax in the current study.
In addition to Oc. vigilax, other Australian species such as Anopheles hilli Woodhill and Lee (Sweeney et al. 1973) , Ochlerotatus australis (Erichson) (Brust 1997) , Culex annulirostris Skuse (Kay et al. 1986) , and Culex molestus Fö rskal (Sawabe and Moribayashi 2000) have shown varying levels of autogeny. Of these species, all except the latter two are saline habitat species. It is not clear whether salinity itself is a causal factor for autogeny or other characteristics of these habitats, such as increased nutrient content of the pools or separation from suitable hosts (OÕMeara and Edman 1975) , predispose adults toward an autogenous strategy.
Effects of autogeny on various parameters of pathogen transmission have been hypothesized, such as increasing the innate rate of increase of the vector population and reducing the time period available for pathogen incubation. However, it remains unclear how autogeny in Oc. vigilax inßuences the transmission of RR and BF viruses. It is well established that survival of mosquitoes after the initial contact with the host is one of the most important determinants of pathogen transmission. Our study conÞrms that the classical techniques of age-grading mosquitoes based on parity to determine survival are not suitable for Oc. vigilax. Alternative age-grading methods are required to monitor the transmission risk posed by local populations of this important Australian vector.
